A comprehensive sensitivity study was carried out examining the sensitivity of hygroscopic growth and activation as modeled with the Köhler equation. Different parameters in the Köhler equation were varied within the range of their currently known uncertainties. The parameters examined include not only those describing the nature of the soluble substances in a particle/droplet and the surface tension of the droplet solution, but also the recently proposed representation of parameters coupling the Raoult and Kelvin terms (i.e., partitioning of solute between the surface and bulk phases, although the recently proposed adsorption to wettable but insoluble material was not considered). The examined variations cause significant changes in both hygroscopic growth and activation. Whereas the hygroscopic growth regime below 95% RH is insensitive toward the surface tension , has a large influence on the activation, increasing with decreasing particle size. This implies that a cloud condensation nuclei (CCN) closure, connecting particle hygroscopic growth to activation, has to account for an influence of the examined substance on of the particle, especially for smaller particles in the size range from 50 to 100 nm. A simple estimate showed that a lowering of by only 10% can cause a change in the activated fraction (i.e., in the cloud droplet number concentration) of at least 10%-20%. Where organic molecules are present in sufficient concentration to reduce , surface tension may be an important factor in determining the activation of aerosol particles to cloud droplets.
Introduction
During the last decade there has been an increasing intensity of research on the hygroscopic growth of atmospheric aerosol particles and on their activation to cloud droplets. This interest was driven by the need to increase our knowledge about the interaction of atmospheric aerosol particles with water vapor in the atmosphere. This is important with respect to two different aspects. First, this interaction determines the size of the particles at the relative humidities prevailing in the atmosphere and thus their direct effect on climate. Second, it also influences cloud properties by determining the concentration of cloud droplets, and with this cloud albedo and cloud lifetime (Twomey 1974; Albrecht 1989) . Accordingly, research on hygroscopic growth and activation of atmospheric aerosol particles is needed to gain a better understanding of the earth's climate and of anthropogenic influences on climate change, processes in which clouds still present the single largest uncertainty (Forster et al. 2007) .
Both hygroscopic growth and activation of atmospheric aerosol particles can be described by the Köhler equation, which connects the water vapor saturation above the surface of a droplet S d to the droplet diameter d d . The Raoult term, also known as the water activity a w , accounts for a lowering of S d due to soluble substance in the droplet. It approaches a value of 1 with increasing wet droplet size (for a fixed dry diameter of the aerosol particle) because of the increasing dilution of the solution. The Kelvin term describes the increase of S d due to the curvature of the droplet. It approaches a value of 1 with increasing droplet size, as the curvature decreases.
Many attempts have been made to derive the critical supersaturation for the activation of particles from their measured hygroscopic growth using Köhler theory, subsequently comparing the modeled and measured critical supersaturations. This constitutes a closure study for cloud condensation nuclei (CCN) . Agreement between measured and modeled critical supersaturations increases the confidence in our understanding of the processes underlying the hygroscopic growth and activation.
CCN closure studies were done for both laboratory generated aerosol particles (e.g., Brechtel and Kreidenweis 2000a,b; Kreidenweis et al. 2005; Koehler et al. 2006; Svenningsson et al. 2006; Dinar et al. 2006b; Wex et al. 2007, hereafter WH07; Prenni et al. 2007 ) and atmospheric aerosol particles (e.g., Covert et al. 1998; Zhou et al. 2001; Dusek et al. 2003; Rissler et al. 2004; Ervens et al. 2007) . In general, these closure studies were more often successful when particles were examined that consisted of well-known and understood (usually inorganic) substances (e.g., ammonium sulfate or sodium chloride), in contrast to the results obtained for less well-known (usually organic) substances [e.g., dicarboxylic acids, humic-like substances (HULIS), or secondary organic aerosols (SOAs)], mixtures of these, or atmospheric particles.
In laboratory studies introduced by Kreidenweis et al. (2005) and Svenningsson et al. (2006) , reasons for the failure to achieve closure were ascribed to a possible existence of slightly soluble substances. Because hygroscopic growth often can only be measured up to 95% relative humidity (RH), a possible change in dissociation with concentration or a decrease of the degree of nonideal behavior of the dissolved substances toward the more dilute solutions at higher RHs would not be detected by these hygroscopic growth measurements.
In summarizing CCN closure studies done for atmospheric aerosol, it was found that those studies that were able to achieve closure were generally not influenced by strong anthropogenic sources and had low concentrations of organic carbon in the aerosol phase (Broekhuizen et al. 2006) . For studies that did not achieve closure, the discrepancy has generally been attributed to an incomplete understanding of the aerosol composition, especially the role of organic species (Stroud et al. 2007 ). Chang et al. (2007) compared measured CCN number concentrations with those derived with Köhler theory, using aerosol compositions obtained from aerosol mass spectrometer measurements as input. They found that during periods when the aerosol organic content is high, the predicted CCN number concentration was significantly lower than the measured one, and they identify surface tension and the unknown degree of internal mixing as possible reasons for this.
An increasing number of studies have focused on the surface tension of organic compounds and its influence on hygroscopic growth and activation. Facchini et al. (1999 Facchini et al. ( , 2000 described a reduction of the surface tension in atmospheric cloud and fog water samples and attributed it to polycarboxylic acids (which have molecular structures similar to HULIS) and to a lesser extent to mono-and dicarboxylic acids. It was estimated in Facchini et al. (1999) that surface tension lowering due to organic compounds has a potential effect on the earth's radiation budget comparable to that of droplet growth kinetics, solubility, and water-soluble gases. Sorjamaa et al. (2004) and Sorjamaa and Laaksonen (2006) pointed out that surface active substances enrich at the particle/droplet surface and that an attributed change in the Raoult term also has to be accounted for.
In laboratory studies on particles as internal mixtures of certain inorganic and organic compounds, Henning et al. (2005) and Svenningsson et al. (2006) measured a surface tension lowering for the mixtures. Using these measured values in model calculations led to a good agreement between measured and modeled activation behavior for solution droplets in Henning et al. (2005) . However, Svenningsson et al. (2006) stated that the modeled activation was very sensitive to the extrapolation of surface tension data from those concentrations where it was measured to those relevant during activation.
For atmospheric HULIS samples, surface tensions down to below 50 mN m Ϫ1 were measured (Kiss et al. 2005; Salma et al. 2006; Taraniuk et al. 2007) , which is substantially lower than the value for water, 72.8 mN m Ϫ1 (at 20°C). However, these measurements were carried out in concentration ranges of up to 1 g L Ϫ1 -which is about two to three orders of magnitude below those of HULIS particles that had grown to their equilibrium sizes at RHs ranging from 60% to 99%, and about a factor of 20 to 100 below those of HULIS particles that are just activating.
Aerosol components have lower concentrations in rain and fog droplets than they have in hygroscopically grown or freshly activated particles/droplets, and therefore the measurements of surface tension on rain and fog water samples (e.g., Facchini et al. 2000) also give surface tension values that may be different from those that prevail during hygroscopic growth or activation.
In addition, measurements show that the reduction in surface tension builds up with time (Salma et al. 2006; Taraniuk et al. 2007 ). The time scales reported there for bulk solutions or large droplets (with sizes larger than several 100 m) are on the order of seconds to minutes. But the process of activation proceeds on time scales that are much shorter. However, estimations proposed
in Taraniuk et al. (2007) suggested that in the case of HULIS, the diffusion to the surface of a evolving droplet is sufficiently rapid to influence its surface tension, and with this the activation process. Measurements on HULIS particles were done in Dinar et al. (2006b), WH07, and Ziese et al. (2008, hereafter ZW08) , and a surface tension lowering had to be taken into account in these studies to accurately model the measured activation. However, the surface tension values that were needed to explain the measurements in WH07 and ZW08 were between 60 and 70 mN m Ϫ1 , whereas 50 mN m Ϫ1 had been measured for a HULIS bulk solution.
Overall, the surface tension of aerosol particles that are at their equilibrium diameters or that are just activating cannot be assessed experimentally with up-todate methods. However, as this work will show, the surface tension does influence the activation of aerosol particles and thus will be important to account for when modeling the activation of aerosol particles to cloud droplets.
With respect to increasing our understanding of warm cloud droplet activation, McFiggans et al. (2006) generally outlined the effects of different physical and chemical aerosol properties on activation. With the study presented here, we give a comprehensive set of data on the sensitivity of the Köhler equation. We examine separately the sensitivity of the two parts of the Köhler equation, the Raoult and the Kelvin terms. For this, values of parameters of the Köhler equationnamely, those parameters that describe the soluble substance in a particle/droplet and the surface tension s of the droplet solution-are varied separately. This is done for two model substances, one more and one less hygroscopic, and for a range of dry particle sizes from 50 to 125 nm. In this first step, constant values were used for s , independent of the concentration.
An example of the effect of using of water versus a concentration-dependent surface tension is given afterward. In addition, we explore the sensitivity to a recent representation of the partitioning of solvent molecules between the surface of a particle and the bulk interior. The aim is to determine the importance of different parameters in the Köhler equation and to get insight into possible explanations as to why CCN closure studies may or may not succeed.
Köhler model
The Köhler theory connects the equilibrium size of a hygroscopically grown solution droplet d d with the water vapor saturation at its surface (S d ):
where K is the Kelvin term and a w is the Raoult term or water activity. The size of the solution droplet d d occurs explicitly in the Kelvin term, which accounts for the curvature of the droplets. This term also depends on the surface tension of the droplet s . It is furthermore composed of the molecular weight of water M w , the ideal gas constant R, the temperature T, and the density of water w :
Of these parameters, s is the most difficult to determine.
The second term of the Köhler equation, the Raoult term or water activity, can be obtained by different approaches; for example,
uses the number of moles of the solute and of water, n s and n w , respectively, together with the osmotic coefficient , and the number of ions per solute molecule . The osmotic coefficient accounts for nonideal behavior in the solution, which is increasingly pronounced toward an increasing concentration of the solution. Therefore, may vary with the concentration of the solute in the droplet. A series expansion of Eq. (3), omitting all but the linear term, yields the following (an approximation which also is used frequently):
In both Eqs. (3) and (4), and sometimes are combined to produce a so-called van't Hoff factor i, which is then often used as a constant value over the whole range of different concentrations of the solute.
Another formulation of a w uses the mole fraction X ϭ n w /(n s ϩ n w ) together with the activity coefficient ␥, where ␥ accounts for the nonideal behavior of the solution:
For all the above formulations of a w , n s has to be known:
including the solute density s , the molecular weight of the solute M s , and the dry particle volume V s ; the latter being proportional to d measurements. The approach therefore was modified for this study to include a possible uncertainty in d dry .
Thus, based on Eq. (3), N ion is defined as a measure for the number of ions (or molecules) of the soluble substance which are contained in the droplet solution:
In the following, the sensitivity of the Köhler equation on variations in either s (i.e., in K ) or in N ion (i.e., in a w ) will be derived and examined. The variations can be interpreted as uncertainties in the respective parameters, and the magnitude of the assumed variations (i.e., uncertainties) will be given in the next section.
The model compounds
This study examines the sensitivity of the Köhler equation for two different model compounds (i.e., for two different types of substances), one being more and one less hygroscopic. The substances chosen as the according model substances were ammonium sulfate and HULIS. The values which were used for the different particle properties are given in Table 1 .
Ammonium sulfate is a well understood and abundantly occurring hydrophilic inorganic component of the atmospheric aerosol. It is known to show nonideal behavior. The upper panel of Fig. 1 shows for ammonium sulfate (Pruppacher and Klett 1997) and also, as a dotted line, the value that corresponds to a constant i of 2.2 (using ϭ 3). In the lower panel of Fig. 1 , the deviation [(i Ϫ )/ ] is given as a percentage.
In this study, Eq. (3) was used to determine a w ; in calculations for ammonium sulfate, the variation of was accounted for following Pruppacher and Klett (1997) , as shown in Fig. 1 . Calculations done for this study were compared to those from a more elaborate model (Topping et al. 2005a (Topping et al. ,b, 2007 for ammonium sulfate. Figure 2 shows the good agreement between these two formulations, with differences in the subsaturated regime being Ͻ2.5 nm at any saturation. The critical supersaturations for the two formulations are 0.43% and 0.45% for the model by Topping et al. (2007) and the one used here, respectively.
Values of the properties of the second model substance were chosen according to those found for HULIS in WH07. HULIS is a generic term for large organic molecules found in the atmospheric aerosol. HULIS shows a lower hygroscopicity than ammonium sulfate and is less well understood. HULIS sampled and extracted from different atmospheric aerosol samples worldwide shows a span in values determined for its properties: reported molecular weight ranges from 200 to 700 atomic mass units (amu) (Kiss et al. 2003; Dinar et al. 2006b; Samburova et al. 2005) , and density values Topping et al. (2005a) and from the model used in this study.
between 1.5 and 1.7 g cm Ϫ3 were given (Hoffer et al. 2006; Dinar et al. 2006a) . The values for the HULIS properties used here are within the range of values reported in literature. Because of a general lack of knowledge about HULIS (and in contrast to the treatment of ammonium sulfate), ideal behavior and no dissociation of the molecules in solution were assumed. It has to be added that HULIS has an influence on hygroscopic growth and activation of atmospheric aerosols not only through its hygroscopic behavior but also through a possible influence on s . Equilibrium values for s as low as 50 mN m Ϫ1 have been measured (Salma et al. 2006; Kiss et al. 2005; Taraniuk et al. 2007 ). However, the influence of HULIS on the s of an activating droplet is still under scientific debate (e.g., Kokkola et al. 2006; WH07; ZW08) . Of the parameters determining K, s is the one whose value is the most difficult to determine. For a w , the parameters whose values can be difficult to determine are those describing the soluble substance, especially when less well characterized substances or mixtures (as in the case of atmospheric aerosols) are to be dealt with. In Eq. (7), all these parameters were combined into N ion . Overall, for the sensitivity study presented here, s and N ion -the former determining K; that latter being important for a w -were the parameters that were varied.
For s , values between that of water (72.8 mN m Ϫ1 ; Low 1969) and a value 30% lower (51 mN m Ϫ1 ) were considered. This is within the range that was measured for atmospheric HULIS, as cited above. To obtain a general idea of the sensitivity to a variation of s , this variation was examined for both model compounds.
The surface tension of a droplet can also depend on the concentration of the dissolved substance, as already described by Szyszkowski (1908) . ZW08 found a concentration-dependent surface tension for HULIS particles from a combination of measurements and model calculations (see Fig. 3 ). The concentration range that roughly limits the activation regime for the HULIS particles is indicated as a hatched area in Fig. 3 . Stars in Fig. 3 indicate the surface tensions at which particles with dry diameters of 50, 75, 100, and 125 nm activate. In Fig. 3 , all of the indicated surface tensions relevant for activation are above 60 mN m
Ϫ1
. A lowering of s up to 30% indicates the larger end of a possible shift in s . The sensitivities derived in this work relate to a 1% shift in the examined parameter, and a maximum variation of 30% was chosen to cover the whole range of experimentally observed values. The sensitivities of the Köhler equation that will be derived in the following sections will subsequently be applied to the two HULIS samples introduced in Fig. 3 , including the concentration-dependent treatment of s .
The parameter N ion was varied in a range from Ϫ30% to ϩ30% of the starting value. As can be seen from the definition of N ion in Eq. (7), a variation of N ion can be viewed as a simulation of an uncertainty in the number of molecules or ions contained in the droplet. This, in turn, can be attributed to an uncertainty in any of the parameters included in N ion , namely, the solute properties , , V s , s , and M s . Here, a statement that was explored in Dusek et al. (2006) becomes obvious. The dry particle diameter d dry is related to V s via V s ϭ ͑d dry 3 ͒ր6. ͑8͒
This gives d dry an important role in the determination of N ion because, unlike the other solute parameters that enter N ion linearly, a variation in d dry influences N ion to the third power. For this study, a maximum deviation of 30% in N ion was chosen because it can already be caused by omitting the nonideal behavior of a substance (see Fig. 1 ) or, equally, by a deviation of the dry diameter of the particle by 9%.
Variations
When looking at Eqs. (2) and (3) the Köhler curve denotes the critical size and critical supersaturation S crit (S crit ϭ S d Ϫ 1) at which a particle activates to become a cloud droplet. Figure 4 shows Köhler curves for a dry particle size of 50 nm for the two model substances. To obtain these curves, K and a w were determined for different values of s and N ion varying around the values given in Table 1 A change of S crit with respect to a variation in either s or in N ion is shown in Fig. 6 . Again, the slopes of the two curves in Fig. 6 indicate the derivatives of S crit with respect to N ion or s . A larger dependence of S crit on s than on N ion can be seen.
Sensitivities
Figures 5 and 6 show results for particles with a dry diameter of 50 nm for the less hygroscopic model substances only. The slopes of the curves shown in Figs. 5 and 6 give the sensitivity of d d or S crit on N ion or s . Sensitivities were determined for both model substances for data on dry diameters of 50, 75, 100, and 125 nm. The compiled results are shown in Fig. 7 . The gradients of the curves for a lowering of s compared to a lowering of N ion were opposite. Therefore, to facilitate a comparison of the results, Fig. 7 gives the absolute values of the derived sensitivities. These values are given separately in different panels for the different dry diameters. Each panel shows values for both model substances. The sensitivities are given depending on the saturation and, as separate points, for S crit .
The sensitivities shown in Fig. 7 From this it can be derived that a 10% change in s (from 72.8 to 65.5 mN m Ϫ1 ) results in ⌬S crit ϭ 0.0145 ϫ 10% ϭ 0.145%-that is, S crit for the 50-nm particle consisting of the less soluble substance is lowered from 1.07% to 0.925%.
A striking feature of Fig. 7 is the similarity of the shape of the curves in the different panels. Looking at the hygroscopic growth regime, the sensitivity of d d increases in general toward larger saturations. Also within the hygroscopic growth regime and for all dry diameters, the more hygroscopic substance is in general more sensitive than the less hygroscopic substance. This is different for the sensitivity of S crit to either s or N ion , which is larger for the less hygroscopic substance than for the more hygroscopic one. For both substances and at all dry diameters, the hygroscopic growth up to a saturation of 0.99 is more sensitive to N ion than to s . This is different at saturations above 0.99 and at S crit , where the sensitivity to s exceeds that to N ion . Indeed, the sensitivity to s is very low for saturations below 0.95 and increases rapidly above that saturation, being about twice as much than that to N ion at activation. In addition to the described similarities for the different dry diameters, there are also differences. These are the absolute values of the sensitivities, which differ in the different panels. For an increasing dry diameter, the same variation in either s or N ion causes a larger shift in d d than in S crit .
Summarizing, the following most important conclusions can be drawn from the sensitivities depicted in Fig. 7: (i) the hygroscopic growth regime (i.e., d d ) is more sensitive to variations of N ion than to variations in s ; (ii) whereas the hygroscopic growth below saturations of 0.95 is almost insensitive to s , its sensitivity to s becomes important at larger saturations; (iii) S crit is about twice as sensitive to a variation of s than to a similar variation of N ion ; (iv) in the hygroscopic growth regime, the more hygroscopic substance is more sensitive than the less hygroscopic one, with an increasing sensitivity toward larger dry diameters; and (v) S crit of less hygroscopic substances is more sensitive than that of the more hygroscopic ones, with an increasing sensitivity toward lower dry diameters.
Cases with concentration-dependent s
The main result from the examinations described above is that the sensitivity to s is very low for saturations below 0.95, whereas S crit is more sensitive to a variation in s than to a variation of the same magnitude in N ion .
This result was obtained by using a constant value of s . However, s may depend on the concentration of the solution (Szyszkowski 1908; ZW08) . In the following, results from the Köhler equation using s as given in Fig. 3 are compared to those using the value of for water. In the calculations, N ion is taken from values given in Table 1 .
The upper panel of Fig. 8 shows the modeled hygroscopic growth of HULIS particles, first using the of water (water case) and then using values for s as given in Fig. 3 (HULIS1 and HULIS2 , based on a parameterization of measurements done by ZW08). Calculations were done for d dry ϭ 100 nm. The lower panel of Fig. 3 gives the difference between either HULIS1 or HULIS2 and the measured equilibrium diameter of the water case. This difference amounts to less than 5 nm over the whole range up to 99.5% RH when using the s of HULIS1, whereas it is below 5 nm for up to 98% RH and rises to 12 nm at 99.5% RH for the s of HULIS2. This difference decreases for smaller d dry (see sensitivities in Fig. 7 ) and can be considered small. Figure 9 gives values of S crit calculated for the same conditions as above for a d dry of 50, 75, 100, and 125 nm, respectively. For 50-nm particles, the difference in S crit between the water case and HULIS1 is 0.1%; it is 0.2% (absolute in S) between the water case and HULIS2. As shown above, the influence of s on S crit decreases (in absolute numbers) as d dry increases. Figures 8 and 9 show that s does have an influence on S crit , but it hardly influences hygroscopic growth. It also becomes clear that this influence of s on S crit is mainly important for particles with small d dry in the range below 100 nm.
From the sensitivities given in Fig. 7 it follows that for d dry of 50 nm a variation of 1% in s was found to causes a shift in S crit of 0.0145% (absolute in S) for the less hygroscopic substance. Figure 3 gives s values of 68 and 64 mN m Ϫ1 for HULIS1 and HULIS2, respec- FIG. 8. (top) Modeled hygroscopic growth for HULIS particles with d dry ϭ 100 nm, first using the of water (water case) and then using values for s as given in Fig. 3 (HULIS1 and HULIS2) . (bottom) The difference between the measured equilibrium diameter of the water case and HULIS1 or HULIS2, respectively, in nm. tively, at the point of activation for particles with a dry diameter of 50 nm [i.e., a shift toward the of water of 5 mN m Ϫ1 (or 7%) and 9 mN m Ϫ1 (or 12%)]. Thus, from the sensitivity of s to S crit there follows a shift in S crit of 0.1% and 0.2%, respectively. These shifts are similar to those derived from calculations with the Köhler equation and a concentration-dependent s . This corroborates the possibility of using the sensitivities derived in section 5 (Fig. 7) to derive deviations in d d or S crit caused by deviations in N ion or s .
Considerations for the inclusion of partitioning
Calculations of the equilibrium composition using all variations of Köhler theory have in the past assumed that the total solute concentrations define both a w and s . In essence, the Raoult and Kelvin terms are assumed to be "uncoupled." This assumption was employed in the previous sections that used the fundamental Köhler equation. However, an alteration of s can be caused by changing concentration gradients approaching the surface. Small concentrations of organic material may significantly affect the mixture surface tension (Poling et al. 2001) . Here, the hydrocarbon portion of the molecule behaves like a hydrophobic material and tends to be rejected from the water phase by preferentially concentrating on the surface (Poling et al. 2001 ). In such a case, the bulk concentration can be very different from the surface concentration, affecting both the Raoult and the Kelvin terms simultaneously. In Gibbs surface thermodynamics, the surface phase between the homogeneous liquid and vapor phase is taken to be infinitely thin, allowing an exact definition of the droplet radius . Thus, technically one should account for altered concentrations in the bulk and a surface layer:
where n t i is the total amount of the component i and n b i
and n s i are the bulk and surface phase concentrations, respectively. Recently, the neglect of bulk to surface phase partitioning has been investigated in various studies (e.g., Sorjamaa and Laaksonen 2006; Kokkola et al. 2006; Topping et al. 2007) . Briefly, calculating the distribution between the bulk and surface phase relies on the ability to solve the Gibbs adsorption isotherm Eq. (12) and thus treat the gradient of s with changing composition. The Gibbs adsorption equation relates the change in surface energy to changes in thermodynamic variables and excess quantities:
where i is the chemical potential of component i, A drop is the surface area of the droplet, and s is the surface tension of the solution. Dividing Eq. (12) by the surface area of the droplet, one arrives at
where ⌫ s i is the surface excess of component i (mol m
Ϫ2
). The size of the droplet is important because as the surface to volume ratio increases, the depletion of material from the bulk becomes important for thermodynamic properties . In this study, the effect of uncertainty in the surface tension characteristic of a given compound on bulk to surface partitioning is briefly explored. To capture these uncertainties, the Szyszkowski equation is used with parameters fit to recent experimental data for fulvic acid (Topping et al. 2007 ), a common proxy for humiclike material in the atmosphere. The Szyszkowski equation can be written as
where s again is the surface tension of the solution, w is the surface tension of pure water, and x is the solute mole fraction. For this study the parameter a ϭ 0.064 73 N m Ϫ1 K Ϫ1 and b ϭ 45 586.873 46 (Topping et al. 2007) . A solution to the Gibbs adsorption equation [Eq. (12) ] was found by varying the concentration of solute molecules in the bulk using the numerical technique as described by Sorjamaa and Laaksonen (2006) . To use this method and reduce our unknowns down to one, we first assumed that the surface excess of water is zero, following Li et al. (1998) . The gradient of surface tension is found by employing the Szyskowski equation, and activity gradients were calculated using the original universal functional activity coefficient (UNIFAC) framework and the parameters of Hansen et al. (1991) .
Before the subsequent differences between the results for cases considering and omitting partitioning are analyzed, Fig. 10 shows the variation in the calculated surface excess concentration for fulvic acid as a function of wet size for particles with an initial dry diameter of 100 and 200 nm. Also shown are the surface tensions that result for the cases in which partitioning was and was not taken into account. The excess values for the case omitting partitioning equal the values of the concentrated partitioning case, and the change in s for the nonpartitioning case only originates in the change in the droplet solution concentration.
What is the impact of the above on the associated Köhler curves? Figure 11 shows the predicted Köhler curves for both a partitioning and nonpartitioning case study for both a 100-and a 200-nm dry diameter particle. The surface tension is also plotted. This figure clearly shows that consideration of bulk to surface par-titioning increases the critical saturation ratio. This increase has to be attributed to both the increase in s and the change in the amount of soluble substance in solution. For the particles with a dry diameter with 100 nm, the values of S crit for the partitioning and the nonpartitioning case are 0.38% and 0.27%, whereas s at the point of activation is 56 and 46 mN m
Ϫ1
, respectively (see Fig. 11 ). This is a difference of 19% between the values for s for the two cases. When looking at the results presented in Fig. 7 , this increase in s would be expected to amount to an increase in S crit of 0.099% (absolute)-a 0.0052% change in S crit per 1% change in s for a 100-nm particle of the less soluble substance.
Thus, the increase in S crit between the partitioning and the nonpartitioning case is slightly larger (0.11% absolute) than one that would originate only from a change of s because of the additional change in the amount of soluble substance in solution. However, the change in s explains most of the increase of S crit between the partitioning and the nonpartitioning case.
This shows that partitioning changes both the s of the droplets and the solution concentration, with s being the more influential parameter.
Consequences
The above demonstrated sensitivities of d d and of S crit on variations in N ion and s have some practical consequences.
Deriving S crit from measurements of the hygroscopic growth is only possible if the examined substance has no influence on s . Information about s simply cannot be drawn from measurements on the hygroscopic growth because hygroscopic growth (i.e., d d ) is not sensitive to s , especially at saturations below 0.95. Fitting the Köhler equation to measurements of the hygroscopic growth and deriving S crit from this fitted equation will lead to wrong values of S crit if the wrong s is used. Obtaining a correct value for s , however, and correctly describing possible influences of partitioning (which also can effect S crit ) are both difficult.
The sensitivity of S crit to s and to the correct description of partitioning increases as the particle size decreases and is especially important in the diameter range below 100 nm. A 10% shift in s (from 72.8 to 65.5 mN m
Ϫ1
) causes a decrease in S crit for the less hygroscopic substance of about 0.15%, 0.08%, and 0.05% for particles with dry diameters of 50, 75, and 100 nm, respectively, the shift for the latter being at about the measurement accuracy for measurements of S crit . Whereas for the larger particles the sensitivity of S crit to s cannot be resolved by up-to-date measurement techniques, this sensitivity is important and can be resolved for particles below 100 nm, the size range at which atmospheric aerosol particles under atmospheric conditions do or do not activate (Dusek et al. 2006) . Thus, omitting an effect of particle chemical composition on s can lead to erroneous predictions of the particle activation behavior.
A simple sensitivity study was performed, estimating the change in the number of activated droplets (N act ) for a 10% change in s from 72.8 to 65.5 mN m
. The estimates were based on atmospheric aerosol number size distributions measured at an urban location during the Lindenberg Aerosol Characterization Experiment (LACE 98; Wex et al. 2002) search (IfT), Leipzig, Germany; Tuch et al. 2003 ]; see Fig. 12 . The data taken from LACE 98 had been measured with a time resolution of 15 min and were averaged over 1 day for each of the two distributions used in this study. Data taken from Tuch et al. (2003) were average number size distributions measured on working days in winter over several years (1997) (1998) (1999) (2000) (2001) . For a fixed supersaturation, the critical diameter for the activation d crit was determined, once using of water (72.8 mN m
) and again using s ϭ 65.5 mN m
; N act was determined as the integral of the measured number size distribution above that diameter (NЈ act for s ϭ 72.8 mN m Ϫ1 and NЉ act for s ϭ 65.5 mN m
). This is illustrated in Fig. 13 . The detailed parameters with which this study was performed are given in Table 2 . The relative increase in N act is given in Table 2 as
Two extreme cases were considered in which all particles were assumed to be chemically equal to either the more or the less hygroscopic substance used in this study, respectively. Also, two dry particle sizes were considered; that is, the supersaturations were chosen such that for s ϭ 72.8 mN m
, d crit was 125 nm in one case and 50 nm in the second case. The examined lowering of s caused a lowering of d crit from 125 to 112.5 nm and from 50 to 45 nm, independent of the substance.
The value of F for the three different number size distributions was found to be about 21% at the larger d crit and about 10% for the lower d crit . This implies that, independent of the chemical composition of the particles, an influence of the chemical composition on the surface tension has to be accounted for to derive the correct numbers of activated particles.
Values for F derived here exceed a comparable estimation made by Facchini et al. (1999) , where a simplified relationship between the number of cloud droplets N and S crit was used (N ϰ S 0.5 crit ). Facchini et al. (1999) concluded that a 30% decrease in s results in a 20% increase in N. The stronger effect found in our work arises from the fact that measured number size distributions were used instead of an approximation, and our results hint to an even larger effect of surface tension reduction on N. This should be tested by implementing the sensitivities derived in this study with cloud parcel models, a task that is beyond the scope of the study presented here.
Conclusions
In this study, the sensitivity of hygroscopic growth and activation as modeled with the Köhler equation was examined. Values of the parameters which are used in the Köhler equation were varied to simulate an uncertainty in these values. The extent of the variations was chosen according to the range of uncertainties which exist for the respective parameters in up-to-date knowledge-that is, uncertainties in the surface tension s , which was varied from 72.8 mN m Ϫ1 (water) down to 51 mN m Ϫ1 (following values reported in literature, e.g., Facchini et al. 1999; Salma et al. 2006; Kiss et al. 2005) , and uncertainties which may arise from ideal treatment of nonideal solutions, a lack of knowledge of the density and molecular weight of the substances dissolved in a droplet, or uncertainties in the dry particle diameter. The examined dry particle sizes were in the range in which atmospheric particles may activate (i.e., from 50 to 125 nm).
FIG. 12. Atmospheric particle number size distributions measured at (left) a rural location during LACE 98 (Wex et al. 2002) and (right) a rural background station (IfT; Tuch et al. 2003 It was found that the examined variations cause significant changes in both hygroscopic growth and activation. The major insight is that although the hygroscopic growth regime below 95% RH is insensitive toward s , nonetheless s has a large influence on the activation, and increasingly so for decreasing particle size.
When taking into account a change in s with droplet concentration, the sensitivities derived in this work were shown to be applicable to deriving the change in activation due to the change in s . However, it also became obvious that knowledge of the value of s at the point of activation is important.
This was found again when taking into account partitioning of the surface active compound in the particle. For this case, the changing droplet concentration also influences the activation, but to a smaller extend. However, partitioning is important to account for because it influences s , yielding values of s that are above those that are obtained when omitting partitioning.
The dependence of the activation on s implies that a CCN closure, connecting particle hygroscopic growth to activation, cannot be successful if the examined substance has an influence on s that is ignored, especially for smaller particles in the size range from 50 to 100 nm, which is important for cloud droplet activation in the atmosphere. Based on measured atmospheric particle number size distributions, it was estimated that a lowering of s by only 10% causes a change in the activated fraction (i.e., in the cloud droplet number concentration) of 10% to 20%. This change is large enough to cause a noticeable influence on the radiation budget of a corresponding cloud, leading to erroneous estimates of cloud radiation budgets.
It becomes obvious that the surface tension is an important factor when determining the activation of aerosol particles to cloud droplets. Examining the effective surface tensions of growing particles/droplets during the activation process is an important field in which research will have to be performed in the future. 
